relatively common sex chromosome aneuploidies. These conditions are associated with an 1 8 increased odds of neuropsychiatric disorders, including attention deficit/hyperactivity disorder 1 9
(ADHD), as well as impairments in cognition that include learning delays, attentional 2 0 dysfunction and impulsivity. We studied cognitive functions in the XY* mouse model, which 2 1 allows comparison of XXY to XY males (KS model), and XO to XX females (TS model). We 2 2 evaluated adult mice with and without gonads, using a version of an operant reversal-learning 2 3 task (RLT) that can be used to measure various facets of learning, impulsivity and attention. In conditions -reliably discriminated gonadally intact XXY and XY mice. In contrast, a 2 6
fundamental learning impairment (more trials to criterion in acquisition phase) in XXY mice, as 2 7 compared to XY, was observed in gonadectomized subjects. No other task measures showed 2 8
differences consistent with KS. In the TS mouse model, XO mice did not show a pattern of 2 9 results consistent with TS, similar to past observations. Thus, the application of this RLT to 3 0 these XY* models reveals only limited behavioral impairments relevant to KS. 2016; Cox et al., 2014; Lue et al., 2010; Wistuba, 2010) . Behavioral studies of these models (Garron, 1977; Loesch et al., 2005; Mazzocco, 2006) . However, as the relevance of imprinting Gallistel et al., 2004; Papachristos and Gallistel, 2006) . Rather, such learning curves are 1 0 1 typically an artifact of group averaging and thus fail to represent the behavioral dynamics of 1 0 2 individuals which include changes in the rate of learning caused by prolonged intervals of stable 1 0 3 performance and/or abrupt, large step-like changes in proficiency -i.e., "change points" 1 0 4 (Gallistel et al., 2004; Papachristos and Gallistel, 2006) .
However, a recent report made successful use of these change points to analyze data from 1 0 6 a spatial reversal-learning task in rats (Klanker et al., 2015) . Specifically, they split trials into reward dopamine release in the ventromedial striatum was lower POST than PRE change-point.
Additionally, post-cue dopamine release was higher on trials that followed a rewarded trial than 1 1 1 on those prior rewarded trials -but, only PRE change-point. Thus, we made use of this 1 1 2 analytical tool as it appears to better resolve discrete phases in learning. 1998; Ross et al., 1995 Ross et al., , 2004 Rovet, 2004) . Accordingly, we analyzed the role of gonadal 1 1 7 hormones on task performance by comparing gonadectomized mice to gonad-intact controls. Under the assumptions that the XXY and XO genotypes of the XY* mice are sufficiently 1 1 9 valid models of the genotypes of KS and TS, respectively, we predicted a pattern of genotype 1 2 0 effects on behavior similar to that seen in people with KS and TS, with the exception of 1 2 1 premature responding in the XO vs XX comparison for which no difference was predicted based 1 2 2 upon prior performance on the 5-CSRTT/1- CSRTT (Davies et al., 2007) . We expected that if depended on group differences in levels of gonadal hormones in any life stage. However, sex-
Gonadectomy, or a control sham surgery, were performed at 72-99 days of age 1 4 6 (mean=82), and behavioral testing began 25-41 (mean=30) days later. The 8 groups were: 1 4 7 XY,GDX (N = 12); XY,SHAM (N = 11); XXY,GDX (N = 15); XXY,SHAM (N = 16); attenuating cubicles and were equipped with: 5 horizontally arranged nose-poke apertures on one 1 7 2 curved wall, a reinforcer-delivery magazine on the opposite wall, a white-noise generator (~85 1 7 3 dB; always on), and a house light (located outside and above the magazine-side of the chamber). Nose-poke apertures and the magazine were illuminated via recessed lamps, and entries into After initiation of food restriction, mice were transferred to the operant testing room 1 7 9
where the equipment was turned on. Mice were placed singly into clean home cages (no 1 8 0 bedding, two nestlets). After ~ 30 min, a ceramic ramekin containing 1.4 g of the reward (14-mg 1 8 1
Dustless Precision purified reinforcer pellets; BioServ item #F05684) was placed into the cage. After 1 h, the mice were returned to their original home cages. This was repeated for a total of 4 1 8 3 consecutive days. stopped further pellet deliveries until poking resumed). The magazine was illuminated when the
progression toward -the performance criterion. Learning curves often show variability in these 2 5 9 transient periods of decreased proficiency (Gallistel et al., 2004) . This Regress Score was 2 6 0 calculated by identifying blocks of 5 trials in which performance accuracy declined relative to 2 6 1 the preceding block, summing the values associated with these declines in accuracy
were analyzed with reference to response Side (correct side in ACQ or correct side in REV;
3 0 4 C ACQ or C REV ). and omissions/trial -could not be normalized by these standard transformations. However, they 3 1 7
both adequately fitted, and were thus analyzed using, a gamma distribution with log-link.
3 1 8
Significant model effects (p < 0.05) comprising more than two means were delineated with post- (untransformed) data, with the exception of premature responses, which were plotted as the value 3 2 1 of log 10 (y i +1). 
Trials to Criterion
As a measure of learning rate, we counted the total number of response trials required to 3 2 6 reach the preset performance criterion (omissions were not counted). Before counting, trials 3 2 7
were first parsed by testing phase (acquisition vs reversal: ACQ vs REV) and by a derived intra- interaction (χ 2 (1) = 0.000, p = 0.997). As expected, more trials were required in REV than ACQ 3 3 4
and there were more trials PRE than POST (Supplementary Figure 1A) .
3 3 5
There were two significant interactions involving experimental groups ( Figure 1A ): X-3 3 6 dose*Phase (χ 2 (1) = 7.938, p = 0.0048) and X-dose*GDX*Phase (χ 2 (1) = 7.856, p = 0.0051).
7
Post-hoc paired-means comparisons confirmed a significant simple effect of Phase in both XY-3 3 8
GDX mice (p < 0.0001) and XXY-SHAM mice (p = 0.0020), but the simple effect of Phase in 3 3 9
both XY-SHAM mice (p = 0.0169) and XXY-GDX mice (p = 0.18), as well as the simple effect 3 4 0 of X-dose (XXY > XY) in GDX mice in ACQ (p = 0.0469) did not survive Bonferroni 
Females
GEE analysis confirmed effects of Phase (χ 2 (1) = 21.064, p < 0.00001) and CP (χ 2 (1) =
ACQ, regardless of CP (all p < 0.0001; Supplementary Figure 1D ). There were no significant 3 7 0 effects or interactions involving X-dose or GDX (all p > 0.1). To score the tradeoff between behavioral flexibility and stability, we calculated the 3 7 4
difference between the proportion of responses that were correct following punished trials 3 7 5
(p(Lose-Shift); index of flexibility) vs those that were correct following rewarded trials (p(Win- Thus, a positive FS score would indicate greater behavioral flexibility than stability. These calculations were based on observations parsed by both the testing phase (ACQ vs REV) and the 3 7 9
CP in the learning curve (PRE vs POST; used to examine within-phase dynamics). As expected, mean FS decreased from a positive value PRE to a negative value POST in 3 8 2 both ACQ and REV ( Supplementary Figure 2A) , reflecting a shift from a Lose-Shift strategy to a 3 8 3
Win-Stay strategy. GEE analysis confirmed significant main effects of CP (χ 2 (1) = 38.214, p < 3 8 4 0.00001) and Phase (χ 2 (1) = 9.825, p = 0.0017), but no Phase*CP interaction (χ 2 (1) = 0.019, p = 3 8 5 0.89). Additionally, the overall mean FS was positive in SHAM mice but negative in GDX 3 8 6 mice, confirmed by a main effect of GDX (χ 2 (1) = 5.088, p = 0.024) ( Figure 2A ). 0.000001), but not of Phase (χ 2 (1) = 0.732, p = 0.39) nor a Phase*CP interaction (χ 2 (1) = 1.943, p 3 9 0 = 0.16), reflecting the fact that FS decreased from a positive value PRE to a negative value 3 9 1 POST in both ACQ and REV (Supplementary Figure 2B ). GEE also confirmed an
X-dose*GDX*Phase interaction (χ 2 (1) = 4.821, p = 0.028) ( Figure 2B ). However, the simple 3 9 3 effects of X-dose (XX > XO in GDX in REV; p = 0.046), of GDX (GDX > SHAM in XO in 3 9 4 ACQ; p = 0.009), and of Phase (ACQ > REV in GDX XO; p = 0.020) did not survive correction 3 9 5 for multiple comparisons. To quantify response perseveration, we calculated the MAXCI within each testing phase trials (e.g., (Ragozzino et al., 2002) ). The MAXCI was chosen for two reasons: 1) Prior analysis 4 0 3 of cumulative response records from this particular reversal task indicated that it is more shows no significant correlation with the complementary regressive error measure ( Figure 3D ). dose*GDX*Phase interaction (χ 2 (1) = 7.189, p = 0.0073) ( Figure 3A ). Post hoc comparisons 4 0 9
confirmed a simple effect of X-dose in the SHAM group in REV (XXY > XY; p = 0.0023; all 4 1 0 other p > 0.19). By contrast, no simple effects of GDX were confirmed (all p > 0.13). Lastly, 4 1 1 although MAXCI was greater in REV than ACQ for XY-GDX (p = 0.0038), XY-SHAM, (p = 4 1 2 0.0151), XXY-GDX (p = 0.0225), and XXY-SHAM (p < 0.00001), this difference was not Phase in GDX (REV > ACQ; p = 0.0027) and SHAM (REV > ACQ; p < 0.0001) survived 4 1 8 correction for multiple comparisons, the simple effect of GDX in REV did not (SHAM > GDX; 4 1 9 p = 0.0371) ( Figure 3B ). To quantify the tendency for performance to initially improve and then regress away number of trials experienced ( Figure 3C ). GEE analysis confirmed a main effect of Phase (χ 2 (1) = 4.792, p = 0.0286), and an X-4 2 8 dose*Phase interaction (χ 2 (1) = 10.348, p = 0.0013) ( Figure 3C ). Post hoc comparisons 4 2 9
confirmed that Regress scores were higher in REV than ACQ in XY mice (p = 0.0012), but not 4 3 0 XXY mice (p = 0.35). Additionally, the Regress score was higher in XY mice than XXY mice 4 3 1 in REV (p = 0.0114), but not in ACQ (p = 0.0517). If MAXCI and the Regress Score quantify independent components of reversal learning 4 3 7 (i.e., perseverative and regressive errors, respectively), then they should not be correlated.
Correlational analyses split by sex, X-dose and GDX groups confirmed that these measures were 4 3 9 not correlated (all p > 0.1, males illustrated in Figure 3D ). However, both MAXCI and the 4 4 0
Regress Score were positively correlated to trials to criterion (MAXCI, all p < 0.008; Regress
Score, all p < 0.007). Thus, although errors of either type predicted trials to criterion, one error 4 4 2 did not predict the other. (χ 2 (1) = 7.905, p = 0.0049) and a Phase*CP interaction (χ 2 (1) = 41.553, p < 0.00001), but no main 4 5 2 effect of Phase (χ 2 (1) = 0.008, p = 0.93) ( Figure 4A ). However, neither X-dose, nor GDX, (χ 2 (1) = 72.995, p < 0.00001). There was also an X-dose*GDX*Phase interaction (χ 2 (1) = 6.067, 4 5 8 p = 0.0138), X-dose*GDX*CP interaction (χ 2 (1) = 6.958, p = 0.0083), X-dose*GDX*Phase*CP interaction (χ 2 (1) = 4.488, p = 0.034), and a GDX*Phase*CP interaction (χ 2 (1) = 4.752, p = 0.029) 4 6 0
( Figures 4C and 4D ). There were no significant simple effects of X-dose (all p > 0.05) and the
simple effects of GDX (GDX > SHAM in XXY in both ACQ PRE and REV PRE; p = 0.027 and 4 6 2 p = 0.029, respectively) did not survive correction for multiple comparisons ( Figure 4D ) (see 4C; χ 2 (1) = 4.506, p = 0.034), with XX mice overall exhibiting more premature responses than 4 7 0 XO subjects ( Figure 4F ). Finally, GEE confirmed a GDX*Phase*CP interaction (χ 2 (1) = 4.084, p 4 7 1 = 0.043), but none of the post hoc comparisons for the simple effect of GDX were significant 4 7 2 after correction (all p > 0.03) (see Figure 4E for simple effects of Phase and CP). interaction (χ 2 (1) = 86.810, p < 0.00001; see Figure 4B for simple effects) and a GDX*Phase 4 7 6 interaction (χ 2 (1) = 7.773, p = 0.0053; Figure 4G ). Although post hoc comparisons confirmed the 4 7 7 simple effect of phase within both GDX groups (both p < 0.00001), the simple effect of GDX in REV (GDX > SHAM, p = 0.026) did not survive Bonferroni correction. In addition to a decrease in response errors, successful learning of a spatial discrimination 4 8 2 task leads to progressive decreases in response latencies. Thus, we calculated mean response 4 8 3 latencies (i.e., time from target stimuli onset to first response to a target location) on both the
correct side in acquisition (C ACQ ) and the correct side in reversal (C REV ) and analyzed these as a (χ 2 (1) = 16.226, p < 0.0001) and CP (χ 2 (1) = 7.357, p = 0.007), as well as a Phase*CP interaction 4 8 9
(χ 2 (1) = 9.700, p = 0.002). However, on the C REV side, analysis confirmed a main effect of Phase 4 9 0 (χ 2 (1) = 18.521, p = 0.00002), but no effect of CP (χ 2 (1) = 0.990, p = 0.3) or Phase*CP interaction 4 9 1 (χ 2 (1) = 1.465, p = 0.2). Response latencies to the C ACQ side decreased during ACQ (POST CP < (Supplementary Figure 3A) .
Analysis of the C ACQ side also confirmed a significant GDX*CP interaction (χ 2 (1) = 4 9 6 11.732, p = 0.0006). Post hoc comparisons confirmed a simple effect of CP in SHAM mice (p = 4 9 7 0.00004) but not in GDX mice (p = 0.6); the simple effect of GDX was not significant either 4 9 8 PRE (p = 0.14) or POST (p = 0.07) ( Figure 5A ).
9 9
Lastly, an X-dose*GDX*CP interaction was confirmed on the C REV side (χ 2 (1) = 6.130, p 5 0 0 = 0.013), but post hoc comparisons did not identify any simple effects that survived correction 5 0 1 for multiple comparisons ( Figure 5A ). (χ 2 (1) = 22.846, p < 0.00001) and CP (χ 2 (1) = 5.234, p = 0.02), but no Phase*CP interaction (χ 2
(1) 5 0 5 = 0.651, p = 0.4) (Supplementary Figure 3B) . A main effect of GDX (χ 2 (1) = 8.007, p = 0.005), 5 0 6
as well as an X-dose*GDX interaction (χ 2 (1) = 5.791, p = 0.016) was identified ( Figure 5B ).
Post hoc comparisons confirmed the simple effect of GDX in XX mice (p = 0.0007); however 5 0 8
the simple effect of X-dose in GDX mice was not significant after Bonferroni correction (p = 5 0 9 0.027) (other p > 0.2). (χ 2 (1) = 5.996, p = 0.014), but not of CP (χ 2 (1) = 3.019, p = 0.08) nor a Phase*CP interaction (χ 2
(1) 5 1 2 = 1.503, p = 0.2) (Supplementary Figure 3B ). GEE analysis also confirmed an X-
dose*Phase*CP interaction (χ 2 (1) = 8.276, p = 0.004) and an X-dose*GDX*Phase*CP interaction 5 1 4 (χ 2 (1) = 4.361, p = 0.037). No simple effects of X-dose or GDX survived correction for multiple 5 1 5 comparisons ( Figure 5B ). As an ancillary response latency measure, we calculated the average time to collect the 0.468, p = 0.5) or CP (χ 2 (1) = 0.130, p = 0.7), nor a Phase*CP interaction (χ 2 (1) = 0.059, p = 0.8).
2 4
GEE analysis did confirm a GDX*Phase*CP interaction (χ 2 (1) = 3.914, p = 0.048), however none 5 2 5
of the post hoc comparisons were significant (all p > 0.06) ( Figure 5C ). 4.151, p = 0.04; ACQ > REV) and CP (χ 2 (1) = 6.495, p = 0.01; PRE > POST), but no Phase*CP 5 2 9
interaction (χ 2 (1) = 0.257, p = 0.6) ( Figure 5D ). GEE analysis also confirmed an X-dose*CP
interaction (χ 2 (1) = 4.539, p = 0.03). Post hoc comparisons confirmed a simple effect of CP in 5 3 1 XX mice (p < 0.0001) (all other p > 0.1) ( Figure 5E ). As an ancillary response latency measure that is affected by motivation to engage in the 5 3 5
task, we calculated the mean time to initiate a trial (i.e., time from the end of inter-trial interval to Figure 3C ). GEE analysis on latencies confirmed main effects of Phase (χ 2 (1) = 11.387, p = 5 4 2 0.0007) and the outcome of the prior trial (χ 2 (1) = 134.876, p < 0.00001), but no Phase*Prior-5 4 3
Trial interaction (χ 2 (1) = 1.473, p = 0.2). GEE also confirmed a main effect of X-dose (χ 2 (1) = 5 4 4 14.300, p = 0.00016). XXY mice had overall longer trial initiation latencies than XY mice 5 4 5
( Figure 5F ). analysis on latencies confirmed main effects of Phase (χ 2 (1) = 4.379, p = 0.036) and the outcome 5 5 0 of the prior trial (χ 2 (1) = 151.134, p < 0.00001), but no Phase*Prior-Trial interaction (χ 2 (1) = 5 5 1 1.086, p = 0.3). GEE also confirmed a main effect of GDX (χ 2 (1) = 8.088, p = 0.0045). GDX 5 5 2 mice had overall longer latencies than SHAM mice ( Figure 5G ). Failure to complete the holding requirement of the observing response (~0.0 to 0.2 5 5 6 seconds) causes a short 2-second timeout after which the subject must make another attempt;
thus, a subject can incur multiple observing-response timeouts each trial. These errors may = 0.0001), but no main effect of CP (χ 2 (1) = 2.089, p = 0.15), nor a Phase*CP interaction (χ 2 (1) = 5 6 4 0.611, p = 0.4). GEE analysis also confirmed a GDX*Phase*CP interaction (χ 2 (1) = 4.263, p = 5 6 5 0.039) and an X-dose*GDX*Phase*CP interaction (χ 2 (1) = 4.780, p = 0.029). However, none of 5 6 6
the post hoc comparisons were significant after Bonferroni correction ( Figure 6A ). GEE analysis of ORTO confirmed a main effect of CP (χ 2 (1) = 10.091, p = 0.0015) and a 5 6 9
Phase*CP interaction (χ 2 (1) = 4.075, p = 0.044), but no main effect of Phase (χ 2 (1) = 3.103, p = 5 7 0 0.078) ( Figure 6B ). Post hoc comparisons confirmed a simple effect of Phase PRE (REV > 5 7 1 ACQ; p = 0.01) and a simple effect of CP in ACQ (POST > PRE; p = 0.00005) (other p > 0.3). During the period of target aperture illumination, observing responses were without 5 7 5
consequence. However, as these extraneous observing responses (EOR) may reflect a lack of
attention and/or the degree to which the subject has learned the task rules (EOR are expected to 5 7 7 decrease and the animal gains proficiency), we calculated the mean EOR per trial parsed by 5 7 8
Phase and CP ( Figures 6C and 6D ). GEE analysis of EOR confirmed a main effect of Phase (χ 2 (1) = 14.598, p = 0.0001) and 5 8 1 GDX (χ 2 (1) = 6.018, p = 0.014), but no main effect of CP (χ 2 (1) = 0.023, p = 0.9) nor Phase*CP 5 8 2 interaction (χ 2 (1) = 0.076, p = 0.8). EOR decreased from ACQ to REV and were higher in GDX 5 8 3 mice than SHAM mice ( Figure 6C ). 0.00003) and GDX (χ 2 (1) = 4.647, p = 0.03), but no main effect of CP (χ 2 (1) = 0.724, p = 0.4) nor 5 8 7
Phase*CP interaction (χ 2 (1) = 0.971, p = 0.3). GEE analysis also confirmed an X-dose*Phase 5 8 8
interaction (χ 2 (1) = 5.013, p = 0.025) and a GDX*Phase interaction (χ 2 (1) = 6.296, p = 0.012).
8 9
Post hoc comparisons confirmed simple effects of Phase in XX mice (p < 0.00001) and GDX 5 9 0 mice (p < 0.00001), as well as a simple effect of GDX in ACQ (GDX > SHAM; p = 0.005) (all 5 9 1 other p > 0.08) ( Figure 6D ). Failure to make a response into a target aperture during the 30-s target-stimuli 5 9 5
presentation interval resulted in a 5-s timeout and the recording of an omission error. We calculated the proportion of trials that were omission errors parsed by testing phase and CP 3.13.1 Males
GEE analysis of omission errors confirmed a main effect of X-dose (χ 2 (1) = 4.452, p = 6 0 0 0.035), Phase (χ 2 (1) = 16.845, p = 0.00004), and CP (χ 2 (1) = 67.598, p < 0.00001), as well as a 6 0 1
Phase*CP interaction (χ 2 (1) = 12.507, p = 0.0004). As expected, omission errors decreased from 6 0 2 ACQ-PRE to REV-POST (Supplementary Figure 4A) . Omission errors were overall more 6 0 3 frequent in XXY than XY mice ( Figure 7A ). Figure 4B ). GEE analysis also confirmed an X-dose*GDX interaction (χ 2 (1) = 6.671, p = were overall more frequent in XX-GDX mice than in the other groups ( Figure 7B ). 
Additionally, these differences appear to be specific increases in perseverative were not affected by androgen supplementation. Thus, resolving the significance for model Similarly, the implications of the gonadectomy-dependent learning deficit in XXY mice - 
